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WKHDSSOLHGORDGDQGVuLVWKHWHQVLOHVWUHQJWKRIWKHPDWHULDO$FFRUGLQJWRHTXDWLRQAc,rLVDOVR
  Corr,c NmCA 'VV       
ZKHUHVrLVWKHYDOXHRIWKHVWUHVVRIWKHODVWORDGVWHSVWUHVVWRUXSWXUH'NC NR±NBLVWKHQXPEHURIWKHF\FOHV
RIWKHILQDOSDUWRIGLDJUDPLQ)LJSKDVH&
7KHFRQVWDQWC1FDQEHGHWHUPLQHGE\PHDQVRIHTXDWLRQVDQG
)LQDOO\ZHKLJKOLJKWWKHDQDORJ\EHWZHHQHTXDWLRQDQGWKHFODVVLF3DULVODZ
 nKCdNda ' aYK ZLWK SV''    
ZKHUHaLVWKHFUDFNOHQJWKdadNLVWKHFUDFNJURZWKUDWH'KLVWKHUDQJHRIWKHVWUHVVLQWHQVLW\IDFWRUCDQGnDUH
FRHIILFLHQWVWKDWGHSHQGRQWKHPDWHULDOYLVDGLPHQVLRQOHVVSDUDPHWHUWKDWGHSHQGVRQWKHJHRPHWU\RIWKHV\VWHP
'VLVWKHUDQJHRIF\FOLFVWUHVVDPSOLWXGH
([SHULPHQWDOWHVWVDQGUHVXOWV
3.1. Materials and setup of the tests 
7KHWHVWVKDYHEHHQSHUIRUPHGRQ;&U1LVWHHOVSHFLPHQV)LJZKLWXVHIXOVL]HVs PPb PPl
 PP)LJDQG)LJ7KHPDLQPHFKDQLFDOSURSHUWLHVRIWKHPDWHULDOVDUHUHSRUWHGLQ7DEOH
7DEOH0HFKDQLFDOSURSHUWLHVRI;&U1L
7HQVLOHVWUHQJWK
>03D@
<LHOGVWUHQJWK
>03D@
<RXQJ¶VPRGXOXV
>03D@
(ORQJDWLRQ
   
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
)LJ6KDSHDQGVL]HRIWKHVSHFLPHQV
%HIRUHHDFK WHVW WKH VSHFLPHQVKDYHEHHQSDLQWHGZLWKDEODFNRSDTXHSDLQW 560DWW%ODFN7KH WHVWVKDYH
EHHQFRQGXFWHGXVLQJDQHOHFWURK\GUDXOLFPDFKLQH,167521ZLWKN1PD[LPXPFDSDFLW\)RUWKHWKHUPDO
VHQVLQJRIWKHVSHFLPHQVXUIDFHWHPSHUDWXUHWKH)/,5V\VWHPKDVEHHQXVHG
7KHORDGLQJUDWLRZDVR ZLWKDVWHSSHGWUHQGVXFKDVWKDWVKRZQLQ)LJZLWKORDGVWHSVRIF\FOHV


)LJ6WHSSHGWUHQGRIWKHDSSOLHGORDGV
7KHWHVWIUHTXHQF\fZDVHTXDOWR+]'XULQJWKHWHVWWKHVXUIDFHWHPSHUDWXUHZDVFRQWLQXDOO\UHFRUGHG7KH
UHFRUGHGGDWDZHUHWKHQDQDO\]HGLQRUGHUWRSRLQWRXW
x WKHSRLQWDUHDRQWKHVXUIDFHRIWKHVSHFLPHQZLWKWKHKLJKHUWHPSHUDWXUH
x WKHYDOXHRIWKHVWDWLRQDU\WHPSHUDWXUHTs LQWKHSKDVH%RIGLDJUDPLQ)LJDQGWKHQWKHVWDWLRQDU\WHPSHUDWXUH
LQFUHPHQW'Ts
x WKHQXPEHURIF\FOHV'NC NRNBZLWKWKHIDVWLQFUHDVHLQWHPSHUDWXUHSKDVH&LQ)LJ
x WKHQXPEHURIF\FOHVNRZKLFKGHWHUPLQHVWKHEUHDNRIWKHVSHFLPHQ
x WKHWHPSHUDWXUHYDULDWLRQZLWKWKHQXPEHURIF\FOHVLQWKHSKDVH&
3.2. Results of the tests 
3URFHHGLQJDVVDLGEHIRUHLWKDVEHHQDQDO\]HGWKHWHPSHUDWXUHVGXULQJWKHWHVWIRUHDFKRIWKHDSSOLHGORDG)LJ
VKRZVWKHWUHQGRIWHPSHUDWXUHLQFUHPHQWIRUWKHGLIIHUHQWDSSOLHGORDGVWHSV
,Q7DEOHWKH\KDYHEHHQUHSRUWHGWKHYDOXHVRIWKHVWDWLRQDU\WHPSHUDWXUHLQFUHPHQWWKDWUHVXOWQHJOLJLEOHIRU
WKHILUVWVWHSV7KHVHDUHWKHYDOXHVZKRPWKHWHPSHUDWXUHZRXOGKDYHWHQGHGWRLILWZRXOGKDVEHHQDGRSWHGD
KLJKHUQXPEHURIVWHSF\FOHVLQWKLVFDVHGHILQHGDWWKHHQGRIWKHVWHSDWWKHHQGRIF\FOHVRIHDFKVWHS
)URP)LJLWKDVEHHQDOVRGHILQHGWKHQXPEHURIF\FOHVRIWKHODVWORDGVWHSHTXDOWRF\FOHVZKLFKKDV
FDXVHGDQXQH[SHFWHGLQFUHDVHRIWKHWHPSHUDWXUH7KHYDOXHRI'NCLVHTXDOWRF\FOHVDQGLWUHIHUVWRWKHVXGGHQ
LQFUHDVHRIWKHWHPSHUDWXUH'TCRIWKHODVWSDUWRIVSHFLPHQOLIHLWLVHTXDOWRDERXW&
7KHGLDJUDPUHSRUWHGLQ)LJLVREWDLQHGE\PHDQVRIWKH5LVLWDQR0HWKRG>@WKH[D[LVUHSRUWVWKHVTXDUH
RIPD[LPXPDPSOLWXGHRIWKHDSSOLHGVWUHVVVmWKH\D[LVUHSRUWVWKHYDOXHRIWKHWKHUPDOLQFUHPHQWRIWKHKRWWHU
SRLQWDUHRODRIWKHVXUIDFHRIWKHVSHFLPHQ
,WKDVEHHQSRVVLEOH WR LGHQWLI\ WKH IDWLJXH OLPLWVoHTXDO WR03DDQG WKHFRHIILFLHQWmRI WKHVWUDLJKW OLQH
LQWHUSRODWLQJWKHH[SHULPHQWDOGDWDm 7KHRYHUDOOWHVWUHVXOWVDUHVr 03DVWUHVVYDOXHXSWRWKH
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FRPSOHWHEUHDNGRZQRI WKHVDPSOH ODVW ORDGLQJVWHSVo 03D IDWLJXH OLPLW UHVLVWDQFH WR WKHRULJLQm 
ā VORSH RI WKH OLQH 'Ts  Vm 'NC    QXPEHU RI F\FOHV IURP WKH VWDUWLQJ RI WKH VXGGHQ LQFUHDVH LQ
WHPSHUDWXUHWRWKHEUHDNDJHF\FOHVRIWKHSKDVH&LQ)LJt VORSHRIWKHWHPSHUDWXUHGXULQJWKHSKDVH


)LJ7UHQGVRIWKHWHPSHUDWXUHLQFUHPHQW
7DEOH/RDGOHYHOVVSHFLILFDWLRQVDQGVWDWLRQDU\WHPSHUDWXUHLQFUHPHQWV
/RDGOHYHOV

0D[LPXPVWUHVV
VP>03D@
(ODVWLF
VWUDLQHH
6WDWLRQDU\WHPS
LQFU'7V>&@
ES < 1RIF\FOHVDW
EUHDN15
VVR>03D@ '1&
6WHS       
6WHS       
6WHS       
6WHS       
6WHS     [  
6WHS     [ [ 
6WHS     [ [ 
6WHS     [ [ 
6WHS     [ [ 
6WHS     [ [ 
6WHS     [ [ 


)LJ7UHQGRIWKHVWDWLRQDU\WHPSHUDWXUHLQFUHPHQWDVDIXQFWLRQRIWKHVTXDUHRIPD[LPXPVWUHVVDPSOLWXGH
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7KH DERYH DQDO\VLV KDV EHHQ UHSHDWHG RQ  GLIIHUHQW VSHFLPHQV DQG WKH WUHQGV RI WKH YDULDWLRQ RI WKH VXUIDFH
WHPSHUDWXUHZHUHYHU\VLPLODUZLWKDGLIIHUHQFHRIQRWRYHUWKDQWKH,QWKH)LJDDQG)LJEWKH\KDYHEHHQ
UHSRUWHG WKH GLDJUDPV RI WKH VXUIDFH WHPSHUDWXUH LQFUHPHQW RI WKH RWKHU WZR VSHFLPHQV ZLWK YDU\LQJ WKH ORDG
SDUDPHWHURIWKHFXUYHVDQGWKHQXPEHURIF\FOHV7KH\VKRZWKHVXGGHQLQFUHDVHRIWKHWHPSHUDWXUHLQSUR[LPLW\
WREUHDNDJHDWWKHODVWORDGLQJVWHS7KH\DUHYHU\VLPLODUWRGLDJUDPUHODWHGWRWKHVSHFLPHQ)LJ3URFHHGLQJ
DVIRUWKHVSHFLPHQLWKDVEHHQGHILQHGWKHGDWDUHSRUWHGLQ7DEOHIRUDOOWKHVSHFLPHQV


)LJ,QFUHPHQWRIVXUIDFHWHPSHUDWXUHDVSHFLPHQEVSHFLPHQ
7DEOH7ULDOUHVXOWVIRUHDFKVSHFLPHQ
6SHFLPHQ

6WUHVVWR
UXSWXUH
VU>03D@
)DWLJXHOLPLW
VR>03D@
6ORSH'7VVP
P
1RIF\FOHV
SKDVH&
'1&
6ORSH7
SKDVH&
W
) )FU )FU)
      [ [ 
      [ [ 
      [ [ 
3.3. Analysis of the results 
)URPWKHGDWDREWDLQHGE\WKHPDSVRIWHPSHUDWXUHLWFDQEHEXLOWVRPHWDEOHVDV7DEOHZKHUHIRUHDFKRIWKH
ORDGLQJVWHSLWKDVEHHQGHWHUPLQHGWKHYDOXHEpH[SUHVVHGE\HTXDWLRQWKDWLVWKHLQWHUQDOGDPSLQJLQSKDVH%
7KHWKHUPDOLQFUHDVHRIWKHVSHFLPHQVXUIDFHFRQFHUQLQJWKHODVWORDGLQJVWHSLVHTXDOWR&
8VLQJ HTXDWLRQV  DQG  LW KDV EHHQ GHWHUPLQHG WKH YDOXH RIC1 ZKLFK LV HTXDO WR ā DQG IURP
HTXDWLRQWKHYDOXHVRI'NCUHSRUWHGLQWKH7DEOH7KHVHYDOXHVUHSUHVHQWWKHQXPEHURIF\FOHVRIWKHODVWSDUW
RI OLIHWLPHRI WKH VSHFLPHQ7DEOH VWLOO UHIHUV WR WKH VSHFLPHQ)RU UHDVRQVRI VSDFH WKH WDEOHV UHODWHG WR WKH
VSHFLPHQVDQGKDYHQRWEHHQUHSRUWHGEXWWKH\DOPRVWFRUUHVSRQGZLWKWKDWRIWKHVSHFLPHQ
)LJ  VKRZV WKH WUHQGRI WKH IDFWRUEp WKDW DFFRUGLQJ WR  H[SUHVVHV WKH LQWHUQDO GDPSLQJ DOVR GXULQJ WKH
SKDVH%DVDIXQFWLRQRIWKHHODVWLFVWUDLQHe7DEOH,Q7DEOHIRUWKHWKUHHWHVWHGVSHFLPHQVLWKDVEHHQUHSRUWHG
WKHSDUDPHWHU) 'TāNRWKDWLVSURSRUWLRQDOWRWKHDPRXQWRIWKHKHDWH[FKDQJHGZLWKWKHRXWVLGHWKURXJKRXWWKH
WHVWOHVVWKDQWKHRYHUDOOH[FKDQJHFRHIILFLHQWKDQGWKHH[FKDQJHVXUIDFHRIWKHVSHFLPHQ7KHKHDWH[FKDQJHGLQLW
WXUQ LVSURSRUWLRQDO WR WKH HQHUJ\ OLPLW DW EUHDNEl >@7KH VHFRQGODVW FROXPQRI WKH7DEOH VKRZ WKHYDOXHV
UHODWHGWRWKHIDWLJXHFXUYH:|KOHUFXUYHRI)LJREWDLQHGDVLWKDVEHHQWKRURXJKO\GHVFULEHGLQ>@VWDUWLQJ
IURP WKH K\SRWKHVLV YDOLGDWHG LQ OLWHUDWXUH WKDW WKH HQHUJ\ QHFHVVDU\ WR FDXVH WKH EUHDNDJH RI WKH PDWHULDO
FRPSRQHQW LV D FRQVWDQW RI WKH PDWHULDO LWVHOI 7KH HQHUJHWLF SDUDPHWHU) DOORZV WR JR EDFN XS NQRZLQJ WKH
WHPSHUDWXUHDQGWKHDSSOLHGVWUDLQ WRWKHQXPEHURIF\FOHVRIWKHUHVLGXDO OLIHRI WKHVSHFLPHQ7KLVSDUDPHWHU)
FDOFXODWHGIRUWKHWKUHHVSHFLPHQVKDVEHHQUHSRUWHGLQ7DEOH,QWKHVHFRQGODVWFROXPQRIWKHVDPHWDEOHLWKDV
EHHQ UHSRUWHG)crWKDW LV WKH VKDUH RI)SURSRUWLRQDO WR WKH HQHUJ\ XVHG WR EUHDN WKH VSHFLPHQ DIWHU WKH FUDFN
IRUPDWLRQ7KLV VKDUH LV FRQVWDQW7KHYDOXHV RI WKH UDWLR EHWZHHQ WKH WZRTXDQWLWLHV)cr)VKRZ WKDW WKH HQHUJ\
VKDUHQHFHVVDU\WRFDXVHWKHFRPSOHWHEUHDNRIWKHVSHFLPHQDIWHUWKHFUDFNIRUPDWLRQLVYHU\VPDOOOHVVWKDQ
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LQFRPSDULVRQWRWKHEUHDNDJHHQHUJ\OLPLWDQGVXEVWDQWLDOO\FRQVWDQW)LQDOO\WKHHTXDWLRQVDOORZWR
FDOFXODWHDOVRWKHLQFUHDVHRIWKHWHPSHUDWXUHGXULQJWKHODVWSKDVHIRUWKHGLIIHUHQWYDOXHVRIWKHDSSOLHGVWUHVV


)LJ:|KOHUFXUYHDW5 DQGI +]LQJUHHQDQGIDFWRUESLQUHGIRUWKH;&U1LVWHHO
&RQFOXVLRQV
7KH WKHUPRJUDSKLF WHFKQLTXHKDVEHHQDSSOLHG WR WKHVSHFLPHQVRI;&U1LVWHHO LQRUGHU WRHYDOXDWH WKH
UHODWLYHGDPSLQJGXULQJ WKHSODVWLF SKDVH WKH EHJLQQLQJRI WKH FUDFN IRUPDWLRQGXULQJ WKH IDWLJXH WHVWV KRZ WKH
FUDFNDGYDQFHV
$OWKRXJK WKH UHVXOWV QHHG IXUWKHU FRQILUPDWLRQ WKH\ DUH FRQVLVWHQWZLWK WKH UHVXOWV IRXQG LQ WKH SDVW \HDUV E\
RSHUDWLQJRQYDULRXVVWHHOVDQGWKH\KDYHQHYHUEHHQDQDO\]HGIURPWKHSRLQWRIYLHZDVVXPHGLQWKHSUHVHQWZRUN
7KHVHUHVXOWVFDQEHVXPPDUL]HGDVIROORZV
x WKHSODVWLFHQHUJ\FDQEHFRQYHUWHGLQWRKHDWGXULQJWKHSODVWLFGHIRUPDWLRQSKDVH
x IURPWKHEHJLQQLQJRIWKHWHVWWKHSRLQWFDQEHGHWHUPLQHGZKHUHWKHSURFHVVRIWKHORFDOPLFURSODVWLFL]DWLRQ
VWDUWVLWFRLQFLGHVZLWKWKHSRLQWZKHUHLWDULVHVWKHPLFURFUDFNZKLFKZLOOLQFUHDVHXSWRWKHEUHDNDJH
x LWLVSRVVLEOHWRGHILQHWKHQXPEHURIF\FOHVZKLFKGHWHUPLQHWKHFUDFNEHJLQQLQJDQGDOVRWKHRQHDWZKLFKWKH
FRPSOHWHUXSWXUHWDNHVSODFHWKHILUVWRQHLVGHWHFWDEOHE\WKHVXGGHQLQFUHDVHRIWKHWHPSHUDWXUHZKLFKJHWVRQ
DOPRVWOLQHDUO\XQWLOIDLOXUH
x LWLVSRVVLEOHWRHVWLPDWHWKHLQFUHDVHRIWKHFUDFNDUHD
7KHNQRZOHGJHRIWKHUHVLGXDOOLIHUHODWHGWRWKHSKDVHRIFUDFNEHJLQQLQJDQGSURJUHVVRILWVDPSOLWXGHDIHZ
KXQGUHGVRIF\FOHVUHFRJQL]DEOHE\PHDQVRIWKHVXGGHQFKDQJHLQWHPSHUDWXUHXSWRWKDWPRPHQWFRQVWDQWFDQ
EHXVHGWRSUHSDUHLPPHGLDWHO\PDLQWHQDQFHRSHUDWLRQV
7KH DXWKRUV LQWHQG WR FRQWLQXH WKLV UHVHDUFK DQDO\]LQJ RWKHU DYDLODEOH GDWD EXW XVLQJ WKH VDPH SRLQW RI YLHZ
DVVXPHGIRUWKLVZRUN
5HIHUHQFHV
>@5*LRYDQQR]]L&RVWUX]LRQHGL0DFFKLQH9ROVHFRQGHG3DWURQ%RORJQD
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